Introduction
============

The genes encoding cyclin-dependent kinases-inhibitor-2A/B (CDKN2A/B) and cyclin-dependent kinases 5 regulatory subunit-associated protein-like 1 (CDKAL1) have been widely reported to be related to type 2 diabetes and gestational diabetes[@b1]--[@b6]. The cyclin-dependent kinases are important in cell cycle control, and cell cycle dysregulation is suggested to be a common pathogenetic mechanism in diabetes[@b7]--[@b9]. Recent studies showed that cell cycle genes have been implicated in the restricted prolific capacity of β-cells during aging, and influence glucose-dependent transcriptional networks in islets[@b10],[@b11]. Furthermore, variants in genes *CDKAL1* and *CDKN2A/2B* were found to affect insulin procession and secretion without detectable change in fasting glucose in non-diabetic European individuals[@b12].

Phenomenal alterations in metabolism occur during pregnancy. In order to compensate the increased metabolic demands, maternal pancreatic islets increase in both mass and secretion[@b13],[@b14]. However, the genetic basis of the upregulated insulin signaling during pregnancy remains to be investigated. To ascertain the impact of cell cycle genes on gestational insulin signaling, and understand the mechanism of the changed gestational metabolism and the pathogenesis of gestational diabetes, we examined whether variants in genes *CDKAL1* and *CDKN2A/2B* are correlated with gestational insulin procession including insulin sensitivity, insulin disposition, insulin release or proinsulin to insulin conversion in pregnant Han Chinese women.

Materials and Methods
=====================

Study Population
----------------

A total of 1,146 pregnant participants with normal glucose tolerance (NGT) were randomly recruited from April 2010 to April 2012 in Sichuan Provincial People\'s Hospital, located in Chengdu city of Southwest China. There were 4,707 women in total who attended the hospital for antenatal care during these 2 years. Pregnant women residing in the city choose the local hospital personally. All these women were advised to undergo a two-step approach based on the previous American Diabetes Association (ADA) diabetes diagnosis criteria for diagnosis of gestational diabetes in their second trimester of 24--28 gestational weeks[@b15]. Approximately 4,388 women (93.2% of total 4,707) signed an agreement to participate in the study project. Mainly based on 50-g, 1-h glucose challenge test (GCT) results and the need for rescreening in these women, more than 1,895 pregnant women were advised to take a 100-g, 3-h oral glucose tolerance test (OGTT). Approximately 1,765 women completed the examination, among which 1,146 women showed normal results for the 100-g, 3-h OGTT according to the previous ADA diagnosis criteria. All participants were of Han Chinese ancestry and had no previous diagnosis of glucose intolerance. Their NGT status was also confirmed by examining their medical records after delivery. The recruitment process of the pregnant participants, and inclusion and exclusion criteria are shown in Figure[1](#fig01){ref-type="fig"}.

![The recruitment process of the pregnant participants. DM, diabetes mellitus; GDM, gestational diabetes; OGTT, oral glucose tolerance test; PPG, postprandial glucose.](jdi0006-0295-f1){#fig01}

The blood glucose level of OGTT was measured with a glucose oxidase method by the Glucose Analyzer (SECOMAM, Domont, France), and the insulin, proinsulin and C-peptide levels were measured with a chemiluminescent immunoassay by the ARCHITECT i2000SR System (Abbott, Chicago, IL, USA) in the Central Clinical Isotopic Laboratory of the Sichuan Provincial People\'s Hospital. The glucose, insulin and C-peptide levels were measured to the nearest 0.1 mmol/L, 0.1 μU/mL and 0.1 ng/mL, respectively. The height and bodyweight of these pregnant women were measured to the nearest 0.1 cm and 0.1 kg. Table[1](#tbl1){ref-type="table"} showed the clinical characteristics of the studied pregnant Han Chinese women at their 24--28 gestational weeks.

###### 

Characteristics of the studied pregnant Chinese women at 24--28 gestational weeks

  Maternal age   Height        Weight       BMI          SBP            DBP          FPG         30-min PPG   2-h PPG     3-h PPG     FPI         PPI           2-h PPI       3-h PPI       FPPI        2-h PPPI     FPC         2-h PPC     Matsuda ISI   HOMA-B         HOMA-IR
  -------------- ------------- ------------ ------------ -------------- ------------ ----------- ------------ ----------- ----------- ----------- ------------- ------------- ------------- ----------- ------------ ----------- ----------- ------------- -------------- ------------
  28.6 ± 4.0     159.5 ± 6.5   57.7 ± 8.5   21.4 ± 2.7   111.2 ± 12.1   69.8 ± 8.0   4.8 ± 0.7   7.9 ± 1.7    6.9 ± 1.7   5.0 ± 1.4   8.0 ± 7.2   58.1 ± 30.5   53.5 ± 37.3   23.0 ± 21.1   5.6 ± 0.3   26.3 ± 1.4   1.6 ± 0.7   7.8 ± 3.1   6.4 ± 2.8     121.8 ± 39.7   0.89 ± 0.6

Data are presented as mean ± standard deviation. SBP, systolic blood pressure; DBP, diastolic blood pressure; FPC, fasting plasma C-peptide level; FPG, fasting plasma glucose level; FPI, fasting plasma insulin level; FPPI, fasting plasma proinsulin level; HOMA-B, homeostasis model assessment of β-cell function; HOMA-IR, homeostasis model assessment of insulin resistance; Matsuda ISI, Matsuda index of insulin sensitivity; PPC, postprandial plasma C-peptide level; PPG, postprandial plasma glucose level; PPI, postprandial plasma insulin level; PPPI, postprandial plasma proinsulin level.

Ethical Statement
-----------------

Written informed consent was obtained from every participant. The study protocol was approved by the Review Board of Clinical Research and the Ethics Committee of the Sichuan Academy of Medical Science, Sichuan Provincial People\'s Hospital.

Deoxyribonucleic Acid Extraction
--------------------------------

Blood samples were collected as dried blood spots in the 24--28 gestational week of pregnancy. Total deoxyribonucleic acid was isolated from purified peripheral blood lymphocytes. The deoxyribonucleic acid was extracted by using the methods previously described[@b16]. Deoxyribonucleic acid samples with an OD260/OD280 ratio between 1.8--2.0 and concentration more than 40 ng/mL were used for genotyping.

Genetic Variants and Genotyping
-------------------------------

Rs7754580 in *CDKAL1* and rs7020996 in *CDKN2A/2B* were genotyped in the present study, because both variants were confirmed to be significantly linked to type 2 diabetes and gestational diabetes, and specifically reported in the Han Chinese population[@b5],[@b6]. The variants were genotyped with the Sequenom system at the Huada Gene Laboratory (Shengzhen, China). The genotyping call success rate was 100 and 99.91%, respectively; among the total 1,146 samples, 60 were run in duplicates with both 100% concordance rates.

Calculations
------------

The OGTT-derived measures including insulin sensitivity index Matsuda index of insulin sensitivity (Matsuda ISI)[@b17], homeostasis model assessment of insulin resistance index (HOMA-IR)[@b18], insulin disposition index, early-phase insulin release index and proinsulin conversion index were set as physiological indices with regard to insulin procession in the study. Based on the 100-g OGTT results, the area under the curve (AUC) for glucose, insulin and proinsulin was calculated according to the trapezoidal method. Insulin disposition index was defined as Matsuda ISI × insulinogenic index (\[Ins~30~−Ins~0~\]/\[Glu~30~−Glu~0~\]); here, Ins~30~ and Ins~0~ represent postprandial 30 min and fasting insulin levels, respectively, whereas Glu~30~ and Glu~0~ represent postprandial 30 min and fasting glucose levels. Early-phase insulin release was determined as InsAUC~0--30~/GluAUC~0--30~ where InsAUC~0--30~ is the area under the curve of total insulin and GluAUC~0--30~ is the area under the curve of total glucose during the first 30 min of the OGTT. The ratio of proinsulin~0~/insulin~0~ in the fasting state and 2-hproinsulinAUC~0--120~/insulinAUC~0--120~ from 0 to 120 min were calculated as two indices of proinsulin conversion.

The association between each variant and the quantitative traits, such as fasting or postprandial levels of insulin, glucose and C peptides, were also tested.

Statistical Analysis
--------------------

The quantitative variable of clinical characteristics was reported using mean ± standard deviation according to a normal distribution. Hardy--Weinberg equilibrium (HWE) for the distribution of a variant in population was tested by Pearson\'s χ^2^-test. The allelic frequencies of *CDKAL1* rs7754580 and *CDKN2A/2B* rs7020996 followed HWE (*P *= 0.22 and 0.93, respectively), and could be used for the following analysis. To model the insulin indices, age, body mass index (BMI) and their interactions in these pregnant Han Chinese women, linear regression was used to fit all the insulin indices with genotypes, and the insulin indices were logarithmically transformed to normal distribution in the analysis (Table[2](#tbl2){ref-type="table"}). To explore the association between each variant and insulin indices, a logistic regression was carried out using the insulin index as response variable and genotypes as predictors, with adjustment for age and BMI under the genetic additive model. The best-fitting logistic model with multiple variables was chosen by likelihood ratio test (Table[3](#tbl3){ref-type="table"}). No variables were transformed in the logistic regression.

###### 

Interaction analysis between the insulin indices and age, between the insulin indices and body mass index, and between age and body mass index

                 Maternal age   BMI        Matsuda ISI   HOMA-IR    Disposition index   Early-phase insulin release   Initial proinsulin conversion   2-h proinsulin conversion
  -------------- -------------- ---------- ------------- ---------- ------------------- ----------------------------- ------------------------------- ---------------------------
  Maternal age   --             \<0.0001   \<0.0001      0.32       \<0.0001            0.71                          0.056                           0.066
  BMI            \<0.0001       --         \<0.0001      \<0.0001   0.069               \<0.0001                      0.182                           0.001

*P*-values were calculated by linear regression. All the insulin indices were logarithmically transformed. BMI, body mass index; HOMA-IR, homeostasis model assessment of insulin resistance; Matsuda ISI, Matsuda index of insulin sensitivity.

###### 

Association of rs7754840 and rs7020996 with insulin sensitivity, disposition index, early-phase insulin release and proinsulin conversion in pregnant Han Chinese women

  Gene                                                                                                                      *CDKAL1*                              *CDKN2A/B*                              
  ------------------------------------------------------------------------------------------------------------------------- ------------------------------------- --------------------------------------- ---------------------------------------
  **Matsuda ISI**: with adjustment for age, BMI, age × BMI, age × Matsuda ISI, BMI × Matsuda ISI, age × BMI × Matsuda ISI   *P*-values and coefficient (95% CI)   **0.011** and −9.28 (−16.42 to −2.13)   **0.002** and 5.05 (1.79--8.31)
                                                                                                                            *Z*-value (SE)                        −2.55 (3.64)                            3.04 (1.66)
  **HOMA IR**: with adjustment for age, BMI, age × BMI, BMI × HOMA-IR                                                       *P*-values and coefficient (95% CI)   0.194 and −2.07 (−5.18 to −1.05)        0.168 and −1.73 (−4.19 to 0.73)
  *Z*-value (SE)                                                                                                            −1.30 (1.59)                          −1.38 (1.26)                            
  **Disposition index:** Matsuda ISI × (\[Ins~30~−Ins~0~\]/\[Glu~30~−Glu~0~\]): with adjustment for age,                    *P-*values and coefficient (95% CI)   **0.0002** and 1.82 (0.87--2.77)        **0.0001** and −0.99 (−1.50 to −0.48)
  BMI, age × BMI, age × disposition index                                                                                   *Z*-value (SE)                        3.75 (0.49)                             −3.82 (0.26)
  **Early-phase insulin release:** InsAUC~0--30~/GluAUC~0--30~: with adjustment for age, BMI,                               *P-*values and coefficient (95% CI)   0.351 and 5.41 (−5.96 to 16.79)         0.962 and 0.17 (−6.95 to 7. 29)
  age × BMI, BMI × early-phase insulin release                                                                              *Z*-value (SE)                        0.93 (5.80)                             0.05 (3.63)
  **Initial proinsulin conversion:** Proins~0~/Ins~0~: with adjustment for age, BMI, age × BMI                              *P*-values and coefficient (95% CI)   0.079 and 2.97 (−0.34 to 6.27)          0.119 and −1.89 (−4.26 to −0.48)
  *Z-*value (SE)                                                                                                            1.76 (1.69)                           −1.56 (1.21)                            
  **2-h proinsulin conversion:** ProinsAUC~0--120~/InsAUC~0--120~: with adjustment for age,                                 *P*-values and coefficient (95% CI)   **0.017** and 48.99 (8.65--89.35)       0.254 and 16.24 (−11.65 to 44.13)
  BMI, age × BMI, BMI × 2-h proinsulin conversion                                                                           *Z*-value (SE)                        2.38 (20.58)                            1.14 (14.23)

Assuming an additive genetic model, *P-*values and coefficiency (95% confidence interval \[CI\]) were calculated by logistic regression with adjustment. No transformation was applied to normalize the data. *P-*value \<0.05 for single test significant level and *P*-value \<0.002 for multiple testing significant level, the significant *P*-value appears in bold. The minor allele in minor allele frequency (MAF) is also highlighted in bold. The risk alleles are shadowed. AUC, area under the curve; BMI, body mass index; CI, confidence interval; Glu~0~, fasting glucose levels; Glu~30~, postprandial 30 min glucose levels; HOMA-IR, homeostasis model assessment of insulin resistance; Ins~0~, fasting insulin levels; Ins~30~, postprandial 30 min insulin levels; SE, standard error.

The statistical power of the current sample was estimated by software package G\*power 3.1.7 (<http://www.softpedia.com/get/Science-CAD/G-Power.shtml>). With the 1,146 participants, we had a power of 81% with a type I error rate of 0.05 to detect associations (*Z*-value ≤−1.96 or *Z-*value ≥1.96) between each variant and the outcomes of insulin indices under normal distribution with mean = 0 and variance = 1.

The STATA 11.0 (StataCorp, College Station, TX, USA) was used to carry out statistical analyses. *P *\< 0.004 calculated using the Bonferroni correction was set for multicomparisons significance level, given 12 independent tests were carried out for the two variants.

Results
=======

Analysis of Interactions
------------------------

In these 1,146 NGT pregnant women, age was found to be positively associated with Matsuda ISI and insulin disposition index (both *P* \< 0.05). Age and BMI were also significantly correlated (*P* \< 0.0001). Furthermore, BMI was positively associated with Matsuda ISI, HOMA-IR, index of early-phase insulin release and 2-h proinsulin conversion (all *P* \< 0.05). The fasting proinsulin conversion was not associated with age or BMI (Table[2](#tbl2){ref-type="table"}). Table[2](#tbl2){ref-type="table"} lists all the interactions between the insulin indices and age, between the insulin indices and BMI, and between age and BMI. Therefore, to examine age- and BMI-independent effects of the variant on the insulin procession, we adjusted the main effect between the variant and each insulin index for age, BMI, and all the interactions. The detailed adjustment for each index is shown in Table[3](#tbl3){ref-type="table"}.

No significant association was found between each variant and the quantitative traits, such as fasting or postprandial levels of insulin, glucose and C peptides.

Associations of Insulin Sensitivity/Resistance
----------------------------------------------

As shown in Table[3](#tbl3){ref-type="table"}, both *CDKAL1* rs7754580 and *CDKN2A/2B* rs7020996 were detected to be associated with Matsuda ISI after adjusting for age, BMI and the related interactions (*P *= 0.011 and *P *= 0.002, respectively). However, the non-risk allele of rs7754580 was negatively associated with Matsuda ISI; on the contrary, the non-risk allele of rs7020996 was positively associated with Matsuda ISI.

Both variants were not found to be connected with HOMA-IR in these NGT pregnant Chinese women.

Associations of Insulin Procession
----------------------------------

Table[3](#tbl3){ref-type="table"} also shows that both rs7754580 in *CDKAL1* and rs7020996 in *CDKN2A/2B* were strongly associated with insulin disposition index at a level of *P *= 0.0002 and *P *= 0.0001 after the adjustment. The non-risk allele of *CDKAL1* rs7754580 was positively related to insulin disposition, whereas that of *CDKN2A/2B* rs7020996 was negatively associated with insulin disposition.

Except that *CDKAL1* rs7754580 might impact the 2-h proinsulin conversion (*P *= 0.017), there were no significant connections between each variant and early-phase insulin release, or between each variant and initial proinsulin conversion.

Discussion
==========

Both *CDKAL1* rs7754580 and *CDKN2A/B* rs7020996 have been reported to be related to gestational diabetes. In our current study, the major allele of rs7754580 was negatively associated with Matsuda ISI, showing that *CDKAL1* could play a role in reducing gestational insulin sensitivity; whereas the major allele of rs7020996 was positively associated with Matsuda ISI, suggesting *CDKN2A/2B* could promote gestational insulin sensitivity. Also, the disposition index provides a useful measure of β-cell function, the major allele of *CDKAL1* rs7754580 was positively related to insulin disposition index, whereas that of *CDKN2A/2B* rs7020996 was negatively associated with insulin disposition index, indicating that the two genes might contribute to the gestational β-cell function. In addition, both rs7754580 and rs7020996 were associated with Matsuda ISI, which reflects whole-body insulin sensitivity, and they were not associated with HOMA-IR, which primarily reflects hepatic insulin sensitivity. We also noted the effects of *CDKAL1* rs7754580 and *CDKN2A/2B* rs7020996 on insulin sensitivity and insulin disposition, the additive effect of *CDKN2A/2B* rs7020996 on Matusda ISI was 4.15 (*P *= 0.042), whereas *CDKAL1* rs7754580 had a very weak additive effect; conversely, rs7020996 had no additive impact on gestational insulin disposition, whereas rs7754580 had a large additive effect (8.04, *P *= 0.005). Currently, the function of these cell cycle regulation genes has not been fully elucidated. Rs7754580 locates in the intron of *CDKAL1*, the CDKAL1 protein shares considerable domain and amino acid homology with inhibitor of cyclin-dependent kinase 5 (CDK5). Recently, CDKAL1 has been shown to be a tail-anchored protein in the endoplasmic reticulum of insulinoma cells, regulating glucose-stimulated insulin secretion[@b19]; and CDKAL1 has also been shown to be a methylthiotransferase that modifies transfer ribonucleic acid lysine to enhance translational fidelity of transcripts, including the one encoding proinsulin[@b20]. Rs7020996 locates within the upstream of *CDKN2A/2B* gene, comprehensive chromatin modifications and hypermethylation of *CDKN2A/2B* gene promoter were proposed to be critical in oncogene-induced islet-like cell[@b21] and β-cell senescence[@b22],[@b23], and in tumorigenesis of pancreatic carcinogenesis[@b24]. Here, it is interesting that variants in the non-coding region (intron and upstream) of *CDKAL1* and *CDKN2A/2B* could connect with gestational insulin disposition and insulin sensitivity when maternal pancreatic β-cell mass and insulin secretion increased during pregnancy. However, how these variants played a role is unclear. It will be interesting to explore the potential impact of gene regulatory regions in gestational metabolism, and further investigate the function of these cell cycle regulatory genes in the adaptively changes during pregnancy.

In our current study, rs7754580 in *CDKAL1* and rs7020996 in *CDKN2A/2B* were detected to be associated with gestational insulin sensitivity and insulin disposition, showing the distinctive role of cell cycle regulatory genes on insulin procession during pregnancy. In non-diabetic non-pregnant individuals, risk alleles of variants in *CDKAL1* and *CDKN2A/2B* genes were connected with reduced insulin secretion in the presence of increased proinsulin[@b12]; significant associations of *CDKAL1* and *CDKN2A/2B* genetic variants with insulin disposition were also reported in non-diabetic Finnish men[@b25]; but there was little systematic evidence for effects of the cell cycle genes on insulin sensitivity in non-pregnant populations[@b12]. As increased islet mass and secretion are adaptive mechanisms that occur during pregnancy, it seems reasonable that both maternal β-cell function and insulin sensitivity improved, and thus the association with gestational insulin disposition was also enhanced.

There was a limitation to the present study. The OGTT result could be measured only once in these NGT women, although the non-diabetic status was confirmed by examining the medical records of the women after delivery. Also, the NGT status of the pregnant women could lead to a truncation effect on the association with insulin sensitivity, as the non-diabetic individual could have a predisposition that favors both low insulin resistance and high insulin secretion. Furthermore, the contribution of the variants in different ethnic groups has not yet been investigated. Hence, further large-scale studies are required to validate our findings.

Our current study showed the distinctive impact of *CDKAL1* rs7754580 and *CDKN2A/2B* rs7020996 on insulin sensitivity and β-cell function during pregnancy in pregnant Han Chinese women.
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